Abstract. Osteosarcomas (OS) are aggressive tumors that are characterized by dysregulated growth and resistance to apoptosis. Reactive oxygen species (ROS) are thought to be important signal transduction molecules in the regulation of cell growth. ROS-generating nicotinamide adenine dinucleotide phosphate oxidase (NOX) family enzymes have previously been suggested to be involved in neoplastic proliferation. To examine whether NOX-mediated generation of intracellular ROS confers anti-apoptotic activity, and thus a growth advantage, the current study first analyzed the mRNA expression of NOX family members by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) in five human OS cell lines. RT-PCR analysis revealed that NOX2 and NOX4 mRNAs were expressed in all the OS cell lines examined, whereas little or no NOX1 and NOX3 mRNAs were detected. By RT-qPCR, NOX2 mRNA expression levels were demonstrated to be higher than NOX4 mRNA expression levels. The viability of OS cells decreased in a dose-dependent manner with treatment of diphenylene iodonium (DPI), an inhibitor of flavoprotein-dependent oxidase. DPI treatment was observed to reduce intracellular ROS levels by ~50%, and increase the frequency of apoptosis by 30%. Notably, small interfering RNAs (siRNAs) targeting NOX2 significantly suppressed ROS generation; ROS depletion by DPI or NOX2 siRNAs induced apoptosis in OS cells. Together, the results of the present study indicate that NOX2-mediated ROS generation promotes cell survival and ROS depletion leads to apoptosis, thus highlighting the NOX2-ROS signaling pathway as a potential therapeutic target for OS treatment.
Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumor in children and young adults, affecting three to five people per million annually (1, 2) . OS typically presents in the bones around the knee (60% of cases), accounting for ~5% of the pediatric malignancies (1, 2) . The second most common site for OS to present is the pelvis; other initial presentation sites have also been reported, including the end of the humerus, skull and clavicle (3) (4) (5) . OS usually occurs in teenagers (60%): The majority of OS cases are diagnosed before 20 years of age, a total of 75% (6, 7) .
The treatment outcome of OS has improved markedly over the course of several years. The current standard treatment for OS is a combination of surgery and chemotherapy: Preoperative (neoadjuvant) chemotherapy, limb sparing surgery and postoperative (adjuvant) chemotherapy. In the late 1970s, the 5-year survival rate was 10-20% due to apparent lung metastases post-surgery; however, 5-year survival has improved to the current rate of 50-80% (8) (9) (10) (11) (12) . In addition to improvements in surgical and diagnostic techniques, the introduction of intensive chemotherapy has reduced the rate of lung metastases. The majority of patients today receive the same drugs as 25 years ago, including doxorubicin, cisplatin, high-dose methotrexate and ifosfamide in varying combinations (13, 14) . In order to further improve the survival rate, the development of novel anticancer agents is also necessary. Genetic studies have been performed to identify novel therapeutic targets for OS; however, the underlying molecular mechanisms have not yet been completely established (15) (16) (17) . Candidate gene studies and a recent genome-wide association study have identified several common single nucleotide polymorphisms associated with OS (18, 19) .
The recently-discovered epithelial nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) family of enzymes mediate critical physiological and pathological processes, including cell signaling, inflammation and mitogenesis through the generation of reactive oxygen species (ROS) (20) . The role of the ROS produced by these enzymes in specific tissue types and distinct cellular compartments has been the subject of several recent investigations (21, 22) . Cancer cells, like non-malignant tissues, produce ROS; in tumors, reactive oxygen metabolites may act as signaling molecules to promote cell survival over apoptosis (23, 24) . NOX enzymes and the mitochondria are a major source of cellular ROS (25) . There are currently seven identified enzymes in the NADPH family, including five NOX enxymes (NOX1-5) (26, 27) . NOX enzymes have a fundamental role in numerous cell functions, including signal transduction, differentiation, proliferation and cell death (25, 26) . However, current understanding of the roles of the NOX family members in the development and growth of human cancers remains limited (27) (28) (29) (30) (31) .
In the present study, it was hypothesized that NOX-mediated ROS generation conferred anti-apoptotic activity, and, thus, a growth advantage to OS cells. It was demonstrated that treatment with a flavoenzyme inhibitor, diphenylene iodonium (DPI), and the knockdown of NOX2 significantly suppressed ROS generation in OS cells, which induced apoptosis, indicating that NOX2-mediated ROS may transmit cell survival signals and provide a potential clinical approach for OS treatment.
Materials and methods
Cell culture and materials. Five OS cell lines (HOS, MOS, MG-63, NOS-1 and HuO 9N2) were used in this study. The MOS and NOS-1 cell lines were kindly provided by Dr Masahiko Kanamori (School of Medicine, University of Toyama, Toyama, Japan) (32) (33) (34) (35) (36) . Three cell lines (HOS, MG-63, and HuO 9N2) were obtained from the Japanese Collection of Research Bioresources cell bank (Ibaraki, Osaka, Japan). Cells were maintained at 37˚C containing 5% CO 2 atmospheric air in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 2 mM L-glutamine, 200 U/ml penicillin and 100 µg/ml streptomycin. DPI was purchased from Calbiochem (EMD Millipore, Billerica, MA, USA).
Ethical approval for the present study was obtained from the ethical committee of Aichi Medical University (approval no. 11-039), and informed consent was obtained prior to the start of the study. Heparinized peripheral blood was collected from healthy individuals (n=3). Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Hypaque density centrifugation at 400 x g for 30 min at room temperature.
Based on human NOX2 and NOX4 cDNA sequences, small interfering RNAs (siRNAs) were designed as follows (Integrated DNA Technologies, Coralville, IA, USA): 5'-UCA GGG UUC UUU AUU CUC UTT-3' and 5'-AGA GAA UAA AGA ACC CUG ATT-3' for NOX2 siRNA-1; 5'-GUA CAA UUC GUU CAG CUC CTT-3' and 5'-GGA GCU GAA CGA AUU GUA CTT-3' for NOX2 siRNA-2; 5'-GCU GAA GUA UCA AAC UAA UUU AGAT-3' and 5'-UCU AAA UUA GUU UGA UAC UUC AGC AG-3' for NOX4 siRNA-1; 5'-GAA UUA CAG UGA AGA CUU UGU UGAA-3' and5'-UUC AAC AAA GUC UUC ACU GUA AUU CAC-3' for NOX4 siRNA-2. Universal scrambled siRNA sequences (Invitrogen; Thermo-Fisher Scientific, Inc., Waltham, MA, USA), which have no significant homology to mouse, rat or human genome databases, were used as controls.
Quantification of NOX2 and NOX4 mRNAs by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The total RNA was purified with a TRIzol reagent (Thermo-Fisher Scientific, Inc.). The HOS, MOS, MG-63, NOS-1 and HuO 9N2 OS cell lines (1x10 5 density) were seeded into 24-well plates and cultured in the presence or absence of NOX2 and/or siRNAs for 48 h. Cell lysates were prepared in 1 ml TRIzol reagent with adequate mixing. Chloroform (200 µl) was added and the solution was mixed well and centrifuged for 15 min at 12,000 x g at 4˚C. The chloroform and centrifugation steps were repeated. Then, RNA pellet was precipitated with 2-propanol and rinsed with 70% ethanol. Purified RNA was dissolved in 20 µl distilled water. RT was conducted as follows: A total of 8 µl water, containing 1 µg total RNA, was added to 50 ng random primers (Thermo-Fisher Scientific, Inc.) and incubated at 65˚C for 5 min. The samples were chilled on ice and cDNA was prepared with SuperScript III First-Strand Synthesis Supermix (Invitrogen; Thermo-Fisher Scientific, Inc.) according to the manufacturer's instructions. The PCR products created with the NOXs 2 and 4 primers were identified by direct DNA sequence analysis.
RT-qPCR was performed with SYBR Premix Ex Taq II (Takara Bio, Inc., Otsu, Shiga, Japan) in an ABI PRISM 7500 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). Briefly, a solution of SYBR Premix Ex Taq II (10 µl) containing sense and antisense primers (10 µM each) was prepared and aliquoted into individual wells of a MicroAmp Optical Plate (ABI-PE; Applied Biosystems; Thermo-Fisher Scientific, Inc.): 2 µl cDNA was added to give a final volume of 20 µl. The cycling conditions for the PCR were 42˚C for 5 min, 95˚C for 10 sec and 40 cycles of 95˚C for 5 sec (denaturation) and 60˚C for 34 sec (annealing/extension). The data were analyzed with Sequence Detector software (version 1.6; ABI-PE; Applied Biosystems; Thermo-Fisher Scientific, Inc.). The quantitative cycle (Cq) during the exponential phase of amplification was determined by real-time monitoring of fluorescent emission by the nuclease activity of Taq polymerase. β-actin was used as an internal control gene for mRNA expression. Relative transcripts were determined by the formula: 1/2 (Cq target -Cq control) (36) . NOX1, NOX2, NOX3, NOX4, NOX5 and β-actin genes were amplified with specific primer sequences (Star Oligo, Rikaken, Nagoya, Japan) according to the NCBI reference sequences (http://www. ensembl.org/Homo_sapiens/index.html). The PCR primer pairs and probes used, were as follows: NOX1, 5'-AGC GTC TGC TCT CTG CTT GAA-3' and 5'-GGC TGC AAA ATG AGC AGGT-3' (junction between exons 3 and 4); NOX2, 5'-TGC CTT TGA GTG GTT TGC AGAT-3' and 5'-ATT GGC CTG AGA CTC ATC CCA-3' (junction between exons 11 and 12); NOX3, 5'-GAA CCC TCG GCT TGG AAAT-3' ( junction between exons 7 and 8) and 5'-TGGCTTACCACCTTGGTAATGA-3' (junction between exons 8 and 9); NOX4, 5'-CCC TCA CAA TGT GTC CAA CTGA-3' (junction between exons 11 and 12) and 5'-GGC AGA ATT TCG GAG TCT TGAC-3'; NOX5, 5'-AAG AGT CAA AGG TCG TCC AAGG-3' and 5'-GCT TTC TTT TCT GGT GCC TGT-3' (junction between exons 13 and 14); β-actin, 5'-GAT GAC CCA GAT CAT GTT TGA GACC-3' ( junction between exons 2 and 3) and 5'-CGG TGA GGA TCT TCA TGA GGT AGT-3'. Semi-quantitative RT-PCR was performed with 30 cycles (94˚C for 1 min, 55˚C for 1 min, 72˚C for 1 min).
Cell transfection. The cells were transfected with NOX2-and/or NOX4-specific siRNAs, or scramble RNAs, using Lipofectamine ® 2000 (Invitrogen; Thermo-Fisher Scientific, Inc.) according to the manufacturer's instructions. 5 ) were seeded in 6-well plates and treated with 10 µM DPI for 48 h. Following this, the cells were transfected with NOX2-and NOX4-specific siRNAs and cultured for 48 h. The cells were then incubated with 2.5 µM dihydroethidium (DCFH-DA; Molecular Probes, Thermo-Fisher Scientific, Inc.) for 30 min at 37˚C in the dark. Subsequently, the cells were washed with Hank's buffer and fixed in 1% paraformaldehyde. Fluorescence-activated cell sorting (FACS) was used to measure the fluorescence emission intensities at 488 nm for excitation and at 580 nm for detection. The histograms were analyzed with the BD FACStation System Data Management system (BD Biosciences; Franklin Lakes, NJ, USA). Background fluorescence from a blank sample was subtracted from each reading to normalize the results.
Assessment of intracellular ROS production. HOS, MOS, MG-63, NOS-1 and HuO 9N2 OS cells (2x10
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assay. An MTT assay was used to evaluate cell viability after 48 h incubation at 37˚C. OS cells were incubated (in triplicate) in 96-well culture plates at 37˚C in humidified air with 5% CO 2 . Three wells that contained OS cells in drug-free DMEM were included to determine the control cell survival rate; another three wells contained only DMEM to calibrate the spectrophotometer. After two days, 10 µl (5 mg/ml) MTT salt (Sigma-Aldrich: St Louis, MO, USA) was added to each well in 96-well culture plates for 6 h. The MTT compound was reduced to colored formazan crystals by the living cells alone. The crystals were dissolved with 100 µl of acidified isopropanol and the formazan crystal production was quantified using a spectrophotometer (562 nm). The optical density (OD) is linearly related to the cell number. Cell survival (CS) was calculated for each drug concentration using the following equation: CS=(OD treated well /OD control well mean ) x100%.
Measuring apoptosis using flow cytometry. The externalization of phosphatidylserine was measured by flow cytometry with fluorescein isothiocyanate-conjugated Annexin V (BD Pharmingen, San Diego, CA, USA) (37) . Flow cytometry analyses were performed using a FACSCalibur flow cytometer (BD Biosciences) and CellQuest Pro Statistical analysis. The results of MTT assay, apoptosis assay with siRNA transfection, and RT-qPCR assay were analyzed using one-way analysis of variance with a Turkey Kramer post hoc test using the Statview software (version 5; SAS Institute, Inc., Cary, NC, USA). Results are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference. To determine whether DPI affects ROS generation, intracellular ROS levels were evaluated by using flow cytometry. It was observed that untreated HOS cells generated ROS, and DPI treatment eliminated ROS generation in HOS cells (Fig. 2) . Therefore, dichlorofluorescein (DCF) fluorescence intensity was reduced from 2.8x10 3 in untreated cells, to 0.9x10 3 in DPI-treated cells.
Results
Inhibition of cell growth and ROS
Induction of apoptosis by DPI.
The present study examined the effect of DPI on apoptosis in OS cells using Annexin V, and observed that DPI treatment markedly increased apoptosis in HOS (54%), HuO 9N2 (43%) and MG63 (28%) cells (Fig. 3) . The results suggest that the depletion of ROS, generated by the NOX-like enzymes, triggered apoptosis in OS cells.
Expression of NOX1-5 mRNAs in human OS cell lines. NOX
family members produce ROS that are pivotal for cell proliferation. To examine the role of the NOX family in the proliferation of OS cells, mRNA expression of the NOX family members was measured in 5 human OS cell lines by semi-quantitative RT-PCR. NOX2 mRNA was highly expressed in all of the examined OS cell lines, whereas little or no NOX1, NOX3 and NOX5 mRNA was detected (Fig. 4) . The OS cell lines also expressed low-moderate levels of NOX4 mRNA (Fig. 4) . To provide a comparison, high levels of NOX2 mRNA were also detected in human PBMCs (Fig. 4) .
NOX2 and NOX4 expression in human OS cell lines.
The present study measured the expression levels of NOX family mRNAs relative to β-actin by RT-qPCR (Fig. 5) . The expression was graded as low (NOX/β-actin ratio <2x10 -5 ), moderate (ratio >2x10 -5 and <50x10 -5 ) or high (ratio >50x10 -5 ). Relative transcripts were determined by the formula: 1/2 (Cqtarget -Cqcontrol) (36) . High-level NOX2 mRNA expression was observed in all of the examined OS cell lines, with the highest expression detected in MOS cells. Moderate-level NOX4 mRNA expression was detected in all of the examined OS cell lines. Therefore, NOX2 mRNA expression was higher than NOX4 mRNA expression in the included OS cell lines. For comparison, high-level expression of NOX2 and low-level expression of NOX4 was detected in human peripheral blood mononuclear cells (Fig. 5 ).
NOX2 and NOX4 mediate ROS production in OS cells.
The present study utilized RNA interference to determine whether NOX2/4 mediates ROS generation in OS cells. Primarily, the effects of NOX2 or NOX4-specific siRNAs on the endogenous expression of their mRNAs in HOS cells were evaluated (Fig. 6) , revealing that their siRNAs functioned effectively (Fig. 6) . In order to elucidate how NOX2 and NOX4 mRNA expression affects ROS generation, siRNAs targeting NOX2 and NOX4 were transiently transfected into OS cells and intracellular ROS levels were evaluated using flow cytometry. Double transfection of NOX2 and NOX4 siRNAs reduced DCF fluorescence intensity to 1.1x10 3 from the untreated control intensity of 2.8x10 3 ( Fig. 2) . Thus, the double transfection of OS cells with NOX2 and NOX4 siRNAs suppressed intracellular ROS levels (39%) compared with the controls (Fig. 2) . The results indicate that NOX2 and/or NOX4, at least in part, are responsible for intracellular ROS generation in OS cells. However, ROS generation was not completely inhibited by NOX2 and NOX4 knockdown, suggesting that other NOX proteins and mitochondrial components may also contribute to ROS generation. Inhibition of ROS production by DPI or NOX2 and NOX4 specific siRNAs. DPI and NOX2 and NOX4-specific siRNA treatment inhibited ROS production. HOS cells (1x10 5 ) were cultured in a 24-well plate for 48 h and subsequently treated with, or without (control), DPI (10 µM) for 24 h. HOS cells were also seeded in 6-well plates (2x10 5 ), cultured overnight and transfected with NOX2 and NOX4 specific siRNAs for 48 h. Following cell harvest, the cells were labeled with DCFH-DA and intracellular ROS levels were measured by flow cytometry. DCF fluorescence intensities were normalized to untreated HOS cells. A typical fluorescence profile is exhibited. The x-axis indicates fluorescence intensity with an excitation source of 488 nm and emission wavelength of 580 nm. DPI, diphenylene iodonium; OS, osteosarcoma; ROS, reactive oxygen species; NOX, NADPH oxidase; DCF, dichlorofluorescein; DCFH-DA, 2', 7'-dichlorodihydrofluorescein diacetate; siRNA, small interfering RNA; FITC, fluorescein isothiocyanate. NOX2 and NOX4 siRNAs reduce cell viability and induce apoptosis. To explore whether NOX2 and NOX4-mediated ROS affect cell survival, the effect of their knockdown on cell viability and apoptosis was examined. NOX2 and NOX4 knockdown significantly reduced HOS cell viability, by 74 and 65%, respectively, relative to that of untreated cells (P<0.0001 for NOX2 knockdown; P=0.0033 for NOX4 knockdown; Fig. 7A ). NOX2 knockdown in HuO 9N2 cells reduced viability by 61% (P=0.0003; Fig. 7B ), while NOX4 knockdown in the same cell line reduced viability by 11%, which was not statistically significant. Collectively, these results suggest that among NOX family members, NOX2 has a major role in survival of HOS and HuO 9N2 cells.
To verify whether this reduced cell viability was associated with apoptosis, an Annexin V assay was performed and NOX2 knockdown was observed to markedly induce apoptosis in HOS and HuO 9N2 cells (P=0.0003 for HOS cells; P<0.0001 for HuO 9N2 cells; Fig. 8A and B) . Thus, the reduction in cell viability observed with siRNA knockdown was associated with the induction of apoptosis. Therefore, NOX2 and NOX4 siRNAs suppressed ROS generation, and the depletion of ROS by NOX2 knockdown, and DPI treatment induced apoptosis in HOS and HuO 9N2 cells.
Discussion
Cancer cells produce ROS that may act as signaling molecules to promote cell survival and cell growth (23, 24, 38) . It is possible that chronic inflammation may accelerate the development and progression of malignant OS, due to cytokine release and ROS generation.
The present study examined the role of ROS in the viability and apoptosis of OS cell lines. Although ROS are considered to cause stress-induced apoptosis, ROS often confer a survival advantage on cancer cells. The results of the current study demonstrated that suppressing ROS levels by DPI treatment reduced the viability of OS cells. Similar results have been observed in other types of cancer cells, including pancreatic tumor cells (39). The current study also investigated whether the NOX2 and 4-mediated ROS generation conferred anti-apoptotic activity and, thus, a growth advantage to OS cells. As such, the expression levels of NOX genes in five human OS cell lines were examined. RT-PCR analysis revealed that NOX2 and NOX4 mRNAs were expressed in the OS cell lines; however little or no NOX2, NOX3 and NOX5 mRNAs were detected. RT-qPCR revealed that NOX2 and NOX4 mRNAs were expressed in OS cells at high and moderate levels, respectively. In all the examined OS cells, NOX2 mRNA exhibited the highest expression levels. NOX2 siRNAs significantly reduced intracellular ROS generation and OS cell viability. Concordantly, ROS depletion by DPI treatment or NOX2 knockdown induced apoptosis. The results of the present study suggested that NOX2-mediated ROS generation promotes the production of cell survival signals and that ROS depletion induces apoptosis in OS cells.
NOX4 mRNA overexpression has previously been reported in primary breast, ovarian, prostate, melanoma and glioblastoma cancer cell lines (40) (41) (42) . NOX4 expression was moderate-high in two of the four tested ovarian cancer cell lines. Notably, high-level acquired resistance to cisplatin was associated with a marked decrease in the NOX4 mRNA levels in A2780/DDP cells (30) . Previously, NOX4 was demonstrated to be an oncoprotein localized in mitochondria (43) . In the current study, NOX4 knockdown induced apoptosis in a subset of OS cells. Considering that NOX2 knockdown significantly reduced cell viability and induced apoptosis in all the examined OS cell lines, it is possible that NOX2-mediated ROS generation has a major role in promoting the survival of OS cells. The present study raises the possibility that NOX2 may act as an oncoprotein in the pathogenesis of OS, similar to NOX4 in other types of cancer. Therefore, NOX2 and NOX2-associated signaling molecules may be good candidates for the targeted therapy of OS. NOX2 has been previously reported to be involved in a variety of physiological and pathological conditions, including prion disease (44) (45) (46) (47) . NOX2 has also been implicated in cancer biology (48) (49) (50) as NOX2 was established to serve a pro-survival role in human leukemia and be involved to promote apoptosis in human glioma (48, 50) . Considering the possible role of NOX2 in cancer development, it may be of interest to investigate the correlation between NOX2 expression and OS prognosis in further studies.
In conclusion, the present study demonstrated that NOX2-mediated ROS generation promotes the survival of OS cells and that ROS depletion through NOX2 knockdown and DPI treatment leads to apoptosis. The current study raises the possibility of the NOX2-ROS signaling pathway being used as a novel therapeutic target for OS. For example, antioxidant treatments targeted to this signaling pathway have the potential to enhance the therapeutic index of cisplatin-based therapies. Further studies are required to contribute to the development of targeted therapies for OS.
